Background: Exposure to trace elements may affect health, including breast cancer risk. Trace element levels in toenails are potentially useful biomarkers of exposure, but their reliability is not established. We assessed the reproducibility of toenail element concentrations over time and whether concentrations change following a breast cancer diagnosis.
M
etals and other trace elements are widespread environmental exposures. Trace elements have been associated with adverse health outcomes including hypertension, impaired cognition, cardiovascular disease, kidney disease, and breast cancer. [1] [2] [3] [4] [5] [6] [7] [8] Certain trace elements are essential for human health, 9 but even these may become toxic at high concentrations. 10 Although trace elements arise from naturally occurring sources, industrial and agricultural operations contribute to population exposure levels. 1, 11 The general population is exposed to trace elements through their diet and from tobacco use, as well as from contaminated air and water. [12] [13] [14] [15] [16] Because of this diversity of sources, it is of interest to use a biomarker that integrates exposures from multiple pathways. Epidemiologic studies have often assessed trace elements in urine [17] [18] [19] [20] [21] [22] or blood samples. [22] [23] [24] Toenails are another potential medium for measuring trace element exposure, 4, 5, [25] [26] [27] [28] [29] [30] but the validity and reliability of trace element concentrations in toenails are not well established. 4, 31 Toenails are a promising biologic matrix for trace element assessment in large studies, as collection is noninvasive and nail clippings are easy to obtain, ship, and store. 32 If all five digits (left, right, or both) are assessed together, toenails are estimated to reflect individual's trace element exposure during a 4-6 month window occurring approximately 6-12 months before collection. 29, 33 Although urine is another possible noninvasive matrix for assessing trace elements, such assessments may be problematic because of the need to adjust for urine dilution 34, 35 and the potential impact of kidney disease on urine and urinary dilution measures. 36, 37 This is particularly complicated if the elements themselves influence kidney function. 38 Moreover, for some elements, urine concentrations may reflect only very recent exposure. 39 Although studies have considered the relationship between trace elements in toenails and disease outcomes, 4, 5, 25, 30, 41 very few studies have evaluated the reliability of nail-based trace element measurement over time or the potential influence of disease diagnosis. Prior studies have suggested that toenail element levels are moderately correlated within individuals sampled as controls when considering samples taken years apart. [42] [43] [44] We conducted this reliability study with the intent to investigate whether one could validly assess the association between young-onset breast cancer and trace elements using retrospectively collected (i.e., postdiagnosis in cases) toenail trace element concentrations. Such an approach relies on the assumption that the disease does not cause systematic changes in the levels, so we specifically sought to assess the correlations of trace elements in toenail samples collected before and after a breast cancer diagnosis and compare those to correlations among women without an intervening diagnosis across similar timeframes.
METHODS
We conducted this reliability study using data from the Sister Study, a US-based, observational cohort enrolled between 2003 and 2009. To be eligible, women had to be 35-74 years of age and have a sister with a history of breast cancer, but never have had breast cancer themselves. All 50,884 study participants completed computer-assisted telephone interviews, which included questions on a large range of topics. 45 Toenail clippings were self-collected. Women were asked to first remove any nail polish and then take a clipping from each toe. All participants provided written informed consent. Study approval and oversight was provided by the institutional review boards of the National Institute of Environmental Health Sciences and the Copernicus Group.
Sister Study participants are recontacted at least once a year to obtain updated health information, including any cancer diagnoses. Self-reported breast cancer cases are confirmed via medical records, when possible. As of September 2016 (data release 6.0), 3075 Sister Study participants had developed invasive breast cancer or ductal carcinoma in situ.
In 2013 to 2014, a subset of 3762 participants was asked to provide a second set of biospecimens, including toenails. This included 1918 women who had developed breast cancer between enrollment and 2013 and 1844 women who had not. We collected second biospecimens for 1227 cases (64% response rate) and 1203 noncases (65% response rate). For this reliability study, we focused on young-onset breast cancer diagnoses (<50 years of age), identifying 111 women who were diagnosed between baseline and 2013 ("cases"), and 111 women frequency matched to cases based on age group at enrollment (35-39, 40-44, 45-49) with no intervening breast cancer diagnosis ("controls").
We assessed levels of 16 different elements (arsenic, cadmium, chromium, cobalt, copper, iron, mercury, manganese, molybdenum, nickel, lead, antimony, selenium, tin, vanadium, and zinc). Briefly, toenails were washed to remove exogenous contaminants, then air-dried on a clean bench and acid digested in 9:1 HNO 3 /HCl. They were then diluted with deionized water and analyzed by inductively coupled plasma mass spectrometry (Agilent 8800 ICP-MS triple quad; Santa Clara, CA). Vanadium (51), chromium (52), manganese (55), cobalt (59), nickel (60), copper (63), zinc (66), molybdenum (95), cadmium (111), tin (118), antimony (121), mercury (201), and lead (206, 207, 208) were measured in collision (He) mode, iron (56) was measured in reaction (H 2 ) mode, and arsenic and selenium were measured as AsO and SeO in oxygen mode.
Each individual's pair of samples were analyzed in the same batch, and laboratory staff were masked to case-control status. Quality control included continuing calibration verification, analysis of duplicates and spikes, digestion and analysis of standard reference material (Japan National Institute for Environmental Studies (NIES) Number 13 Hair), and withinand between-batch analysis of a laboratory-prepared toenail matrix digest.
Samples with values ≤0 after quality control adjustments (7 of 7072 measures) were assigned a value of 0.001 μg/g, which was lower than the smallest observed value for those elements (vanadium
. No other corrections were made for low concentrations, as samples with levels below quantification limits were still assigned measured values. We log-transformed measured concentrations to make the exposure distribution more normally distributed and then corrected these log-transformed values for batch using a random effects model. One control participant's toenail samples were not useable, bringing our final count to 111 cases, 110 controls.
We compared within-individual trace element concentrations from the two time points using Spearman's rank correlation coefficients (R), as well as intraclass correlation coefficients. We then used paired t tests to assess changes over time between individuals' samples. We also applied linear regression models to evaluate the influence of young-onset breast cancer diagnoses on those changes. Specifically, we assessed whether case status was associated with the difference between the log-transformed element levels at time 2 versus time 1: (log 10 trace element level time 2 − log 10 trace element level time 1) = α + β × case + ε, with or without adjustment for time between sample collection.
Finally, to better assess whether changes over time were attributable to age or calendar time, we examined age trends in predicted mean trace element concentrations standardized to the observed year distribution. This was done using generalized estimating equations to account for repeated measures (two per individual), and with restricted cubic spline terms for age and year (knots at the 5th, 35th, 65th, and 95th percentiles). These modeled age trends were compared with modeled year trends, which were based on predicted mean element concentrations standardized to the observed age distribution.
RESULTS
Mean age at first toenail collection was 44.1 years for controls (standard deviation [SD] = 3.8) and 43.6 years for cases (SD = 3.5; Table 1 ). Second toenails were collected an average of 7.6 years later for controls and 8.0 years for cases. Cases were diagnosed at 46.4 years of age (SD = 3.0 years of age), on average (eTable 1; http://links.lww.com/EDE/B414). Most of the participants in both groups were non-Hispanic white (87% and 88% for controls and cases, respectively). Geometric means and interquartile ranges for all 16 trace elements are also shown in Table 1 .
Overall, we observed modest correlations (Spearman R = 0.18-0.71) between paired samples for all trace elements (Table 2 ; eFigures 1a-p; http://links.lww.com/EDE/B414). The highest correlations were seen for mercury (R = 0.71) and zinc (R = 0.64). These patterns held among controls, but nickel and antimony were not correlated among cases Concentrations decreased over time for all trace elements except zinc (Table 2) . Case status was unrelated to these differences (Figure 1) , with or without adjustment for time between sample collections (eTable 4; http://links.lww. com/EDE/B414). The largest reductions were seen for lead, cadmium, and chromium, all three of which decreased with calendar time but increased slightly with age ( Figure 2) .
As nickel and antimony were not correlated among cases, we ran a stepwise model to assess which factors were related to changes in levels over time among cases. The model allowed for inclusion of terms for average age at toenail collection, time between diagnosis and second toenail collection, education, physical activity, alcohol consumption, estimated air pollution exposure (NO 2 and PM 2.5 ), birth control use, hormone therapy use, income, menopausal status, urbanicity, proximity to a factory, and time between toenail sample collections, as well as disease or treatment-related variables, including stage, estrogen receptor status, progesterone receptor status, human epidermal growth factor receptor-2 status, surgery type, and whether or not the participants received chemotherapy, Herceptin/lapatinib, hormonal treatment, or radiation. None of these factors was associated with changes in nickel over time. Only stage of disease was associated with changes in antimony, with in situ disease associated with a 0.25 μg/g decrease in log 10 antimony levels relative to stage I disease.
DISCUSSION
In this reliability study, we observed that toenail trace element concentrations were modestly correlated over 4-10 years. Although the toenail levels decreased over time, particularly for regulated toxic metals like cadmium, chromium, and lead, the extent of decline did not vary by breast cancer status. With the exception of nickel and antimony, postdiagnostic toenail levels may serve as reasonable proxies for prediagnostic levels. Future investigations should consider the temporal stability of each element on a case-by-case basis, but we believe that these results support the use of postdiagnostic toenail samples to assess levels of most of the trace elements in retrospective breast cancer studies.
Toenail trace element concentrations were of similar magnitude to those reported in prior studies conducted during the same general time period (e.g., geometric mean cadmium levels of 0. Includes those below the limit of quantification: arsenic (4% visit 1, 8% visit 2); cadmium (13% visit 1, 19% visit 2); cobalt (2% visit 1, 5% visit 2); chromium (33% visit 1, 46% visit 2); copper (0% visit 1, 0% visit 2); iron (3% visit 1, 3% visit 2); mercury (7% visit 1, 9% visit 2); manganese (5% visit 1, 9% visit 2); molybdenum (52% visit 1, 63% visit 2); nickel (9% visit 1, 14% visit 2); lead (4% visit 1, 7% visit 2); antimony (33% visit 1, 37% visit 2); selenium (0% visit 1, 0% visit 2); tin (1% visit 1, 5% visit 2); vanadium (30% visit 1, 38% visit 2); and zinc (0% visit 1, 0% visit 2).
IQR indicates interquartile range; SD, standard deviation.
Our findings of moderate correlation in toenail trace element concentrations over time are consistent with previous studies conducted among individuals sampled as controls. In the Nurses' Health Study (n = 127), Garland and colleagues 43 compared toenail concentrations of 16 trace elements over a 6-year period, finding correlations across the trace elements ranging from 0.26 to 0.58 and decreases in concentrations over time for most elements. As would be expected given the time trends we observed, the magnitudes of correlations were similar for our two samples, but the average concentrations in our study tended to be lower than those measured in the Nurses' Health Study, which collected its toenail samples in the 1980s and used different laboratory techniques. 43 In other study samples, toenail selenium levels measured a year apart were well correlated (r = 0.57), 42 as were arsenic concentrations in toenail samples collected 3-5 years apart (intraclass correlation coefficient (ICC) = 0.6). 44 As previously noted, we observed the strongest declines over time for lead, cadmium, and chromium, which is consistent with known nationwide trends. 47, 48 Average ambient lead concentrations in the United States decreased by an estimated 49 Although the majority of the decrease occurred in the 1980s and early 1990s, levels continued to drop during our study period, with estimated mean ambient lead concentrations of 0.22 μg/m 3 in 2003 and 0.03 μg/m 3 in 2014. 50 Both constituents of tobacco smoke 36 may have declined in part because of the decreased prevalence of tobacco use in the United States. 51 However, as only a small proportion (6%, n = 14) of our participants were smokers at baseline, and only six quit between samplings, changes in ambient air, water, and soil pollution over this time period are more likely to be responsible for the decrease observed here.
Nickel and antimony were not correlated in women who had an intervening breast cancer diagnosis, suggesting that toenail levels may not be useful as proxies for prediagnosis nickel and antimony levels. Nickel assessment in toenails in particular may suffer from misclassification because of contamination from toenail clippers. Cobalt, iron, and chromium may also be present in toenail clippers, though we observed stronger within-individual correlations for those elements.
A major strength of this study is our assessment of a large panel of trace elements in toenails. Toenails are an understudied matrix and it is important to assess their reliability for capturing trace element exposure in epidemiologic studies. Our findings suggest that results may be reliable over a period of years and do not change following diagnosis. However, it is often difficult to know exactly what exposure window is most pertinent to disease development, especially for diseases with a long latency periods, such as cancers. Nonetheless, toenails provide researchers with an opportunity to examine a different time window than would studies assessing trace element levels in blood or urine, which may reflect either cumulative or very recent exposure, depending on the element of interest. 39, 40, 46, 52 We further addressed concerns about how an intervening breast cancer diagnosis and its treatment might affect this reliability, either through effects of the disease, its treatment, or changes in behavior postdiagnosis. However, we acknowledge that our study sample was predominately non-Hispanic white with relatively high educational attainment, and thus, these findings may not be generalizable to all women, especially if individuals of certain socioeconomic statuses or racial/ethnic groups had higher or more variable levels of trace element exposure. Our results may also not be generalizable to studies of other diagnoses, though we hypothesize that other types of cancer would act similarly and not strongly influence trace element levels, unless the elements are part of a particular therapeutic formulation.
Although toenail levels of some elements markedly decrease over time, we observed that levels remained moderately correlated over the 4-to 10-year study period. We saw no evidence to support that the occurrence of breast cancer systematically influenced toenail trace element concentrations. The findings from this study support the use of retrospective case-control studies to assess how trace elements as measured in postdiagnosis toenails are related to breast cancer risk. More generally, these findings support using a single measurement of toenail trace elements as proxies for long-term exposure, which is relevant for other health outcomes including other cancers and chronic diseases.
